In this paper, we propose a novel scheme termed layered orthogonal frequency division multiplexing with index modulation (L-OFDM-IM) to increase the spectral efficiency (SE) of OFDM-IM systems. In L-OFDM-IM, all subcarriers are first divided into multiple layers, each determining the active subcarriers and their modulated symbols. The index modulation (IM) bits are carried on the indices of the active subcarriers of all layers, which are overlapped and distinguishable with different signal constellations so that the number of the IM bits is larger than that in traditional OFDM-IM. A low-complexity detection is proposed to alleviate the high burden of the optimal maximum-likelihood detection at the receiver side. A closed-form upper bound on the bit error rate, the achievable rate, and diversity order are derived to characterize the performance of L-OFDM-IM. To enhance the diversity performance of L-OFDM-IM, we further propose coordinate interleaving L-OFDM-IM (CI-L-OFDM-IM), which interleaves the real and imaginary parts of the modulated symbols over two different subchannels. Computer simulations verify the theoretical analysis, and results show that L-OFDM-IM outperforms the conventional OFDM-IM scheme. Moreover, it is also confirmed that CI-L-OFDM-IM obtains an additional diversity order in comparison with L-OFDM-IM. Index Terms-Bit error rate (BER), diversity, index modulation (IM), maximum likelihood (ML), orthogonal frequency division multiplexing (OFDM).
makes good use of the index(es) to transmit additional information bits [1] , [2] . The index(es) media can transmit or receive antennas, orthogonal frequency division multiplexing (OFDM) subcarriers, time slots, linear block codes, etc. [3] , [4] . Since IM only utilizes partial resource to transmit signals, it leads to a high energy efficiency (EE).
The first attempt of applying the IM concept to the space domain refers to the spatial modulation (SM) [5] , which utilizes the index of a single active antenna to convey extra information bits. Since only one transmit antenna is active, SM obtains several advantages, for instance, a high EE, a single radio-frequency (RF) chain, and no interchannel interference. To further increase the EE of SM systems, space shift keying (SSK) is proposed to convey information bits only through the active antenna [6] . Although both SM and SSK achieve a high EE, the spectral efficiency (SE) of SM/SSK systems is relatively low due to the uncirculated antennas. Therefore, many studies aim to improve the SE of SM/SSK systems [7] , [8] . To increase the SE of SM systems, generalized SM is proposed to activate multiple transmit antennas in each transmission phase [7] . In a similar manner, generalized SSK is proposed in [8] , which can achieve a higher SE than that of SSK. Another efficient scheme, named quadrature SM, is proposed to improve the SE of SM systems by splitting the IM bits into in-phase (I-) and quadrature (Q-) domains [9] , [10] . Recently, layered SM is proposed to increase the SE of SM systems by grouping transmit antennas [11] . Similarly, layered SSK is proposed to divide the transmit antennas into multiple layers so as to form a layer domain, by which a higher SE is achievable [12] . In addition to the SE enhancement, a variety of derivative SM schemes have been proposed to achieve the diversity gain for SM/SSK by incorporating SM into other domains [13] [14] [15] [16] . In [13] and [14] , space-time block coded SM and space-time shift keying are proposed to enhance the diversity order of the conventional SM/SSK scheme. Differential SM (DSM) is an extension of SM into space and time domains with no need of channel state information (CSI) at both transmitting and receiving sides [15] . Benefiting from the advantages of DSM, space-time block coded DSM is then proposed to acquire the diversity enhancement without CSI [16] .
Besides, applying the IM concept into the frequency domain is first investigated in [17] and [18] . In [17] , subcarrier-IM OFDM (SIM-OFDM) is proposed to utilize the index(es) of subcarriers to transmit the IM bits in OFDM systems. Enhanced SIM-OFDM (ESIM-OFDM) is then proposed to achieve a better performance than SIM-OFDM [18] . Nevertheless, the SE of SIM-OFDM and ESIM-OFDM is very low compared to the conventional OFDM scheme. To solve this problem, OFDM with IM (OFDM-IM) is proposed to flexibly transmit IM bits by the indices of active subcarriers [19] , [20] . Specifically, only a subset of the whole subcarriers are activated to carry conventional modulation (CM) symbols and the indices of the active subcarriers are utilized to map the additional information bits (i.e., IM bits). Different mapping rules between IM bits and indices of the active subcarriers, e.g., the combinatorial rule [19] and the equiprobable subcarrier activation rule [21] as well as the ON-OFF keying activation rule [22] , [23] , have different impacts on the bit error rate (BER) performance of OFDM-IM. Although OFDM-IM achieves a better BER performance, the SE of OFDM-IM is usually lower [24] . Therefore, many research studies aim to improve the SE of OFDM-IM systems. For example, OFDM with I/Q IM (OFDM-IM-IQ) is proposed to enhance the SE of OFDM-IM systems by performing the IM concept into IQ domains [25] . OFDM with generalized IM is also proposed to lengthen the IM bit sequence [26] . Besides, OFDM-IM is combined with multiple-input multipleoutput (MIMO) systems to form MIMO-OFDM-IM, which considerably raises the SE of OFDM-IM systems [27] . In [28] , dual-mode IM aided OFDM is tactfully designed to transmit the modulated symbols through not only active subcarriers but also "inactive" subcarriers, which successfully enhances the SE of OFDM-IM systems. To be general, multiple-mode OFDM-IM (MM-OFDM-IM) is developed to transmit modulated symbols through all subcarriers and the IM bits are carried by the permutations of multiple distinguishable constellations [29] [30] [31] . A diversity enhancement mechanism of MM-OFDM-IM is investigated in [32] . In addition, the OFDM-IM technique is widely applied into relay and vehicular communications [33] , [34] .
In this paper, we propose a novel OFDM-IM scheme, named layered-OFDM-IM (L-OFDM-IM) to increase the SE of OFDM-IM systems without any additional expense. Unlike OFDM-IM, L-OFDM-IM splits the indices of all subcarriers into L layers and each layer only contains partial and overlapping subcarriers (a.k.a. candidate subcarriers). More explicitly, the active subcarriers are selected from their own candidate sets at each layer, in which the selected subcarriers carry the modulated symbols generated from carefully designed distinguishable constellations. Accordingly, the IM bits of L-OFDM-IM are represented by all active subcarriers in L layers. By properly choosing the candidate subcarriers in each layer, the proposed L-OFDM-IM scheme is capable of increasing the length of IM bits, and results in an improved SE compared to OFDM-IM. A low-complexity detection method is proposed to relieve the high computational complexity of the optimal maximum likelihood (ML) detection. We then study the BER performance of L-OFDM-IM and derive an upper bound on the BER according to the union bounding technique. The achievable rate and diversity order of L-OFDM-IM are also characterized. To provide a diversity gain, we further propose the coordinate interleaving L-OFDM-IM (CI-L-OFDM-IM) scheme, which interleaves the real and imaginary parts of the modulated symbols over two different subcarriers (or subchannels). Simulation results show that the proposed L-OFDM-IM outperforms the conventional OFDM-IM scheme with the same diversity order. In addition, CI-L-OFDM-IM is verified to harvest an additional diversity order.
The rest of this paper is organized as follows. In Section II, we introduce the system model of L-OFDM-IM. Section III derives the BER upper bound and achievable diversity order of L-OFDM-IM systems. Simulation results are presented and discussed in Section IV. Finally, this paper is concluded in Section V. 1 
II. PROPOSED L-OFDM-IM

A. System Model
In this subsection, we propose a novel OFDM-IM scheme, namely L-OFDM-IM, which extends the length of IM bits so as to enhance the SE of OFDM-IM systems. Fig. 1 shows the system model of L-OFDM-IM. In L-OFDM-IM, the OFDM block corresponding to N subcarriers is divided into g groups, each consisting of n subcarriers and obviously we have n = N/g. The incoming equiprobable bit sequence with length m are also split into g groups and p bits are allocated to each group with m = pg. Since all groups are statistically independent and identical as a fundamental property of OFDM with sufficiently long cyclic prefix (CP), in the following we only take into account the αth group (α ∈ {1, 2, . . . g}) with p bits and n subcarriers for analysis, which is depicted in Fig. 2 . The p bits are first divided into L segments pertaining to L layers (this procedure is termed as layer mapping) with p = p 1 + p 2 + . . . + p L . Assume that t subcarriers are utilized in each layer. At the uth 1 Upper and lower case boldface letters denote matrices and column vectors, respectively. The complex number field is represented by C. (·) T and (·) H represent the transpose and Hermitian transpose operations, respectively. I M is an M × M identity matrix. R{·} and J{·} represent the real and imaginary components of the argument, respectively. E{·} denotes the expectation operation. || · || denotes the Frobenius norm operation of the argument. C(·, ·) represent the binomial operation of the argument. Q(·) denotes the Gaussian Q-function. rank{·} indicates the rank of the argument. diag{x} denotes a diagonal matrix whose diagonal elements are drawn from x. det{·} represents the determinant of the argument. The probability of an event is denoted by Pr(·). · indicates the floor operation. a\b denotes the complementary operation that excludes set b from set a. layer with u ∈ {1, 2, . . . L}, p u information bits are further divided into two segments with p u1 and p u2 bits, where the former is defined as IM bits and the latter as CM bits. The IM bits (p u1 = log 2 C(t, k) ) are used to select k out of t subcarriers, while the modulation bits (p u2 = k log 2 M ) are used to generate k modulated symbols
It is worth noting that in order to identify modulated symbols in all L layers, all signal constellation sets {S u α } L u=1 must be distinguishable from each other. As a consequence, it is obvious that we have n = t + k(L − 1) and p = L( log 2 C(t, k) + k log 2 M ).
B. Layer Mapping
Remember that p bits are split into L segments for layer mapping purposes in each group (see Fig. 2 ). We take the αth group as an example and the details of layer mapping are explained as follows.
1)
Step 1 (Layer 1 with p 1 bits): The initial subcarrier set is given by Θ α = {1, 2, . . . , n}. We first take a subset of Θ as a candidate set Θ 1 α = {1, 2, . . . , t} for layer 1. The active subcarrier pattern (SAP) is selected from Θ 1 α by p 11 bits as
The k modulated symbols generated by p 12 bits are given by
Then, the resulting signal vector for layer 1 can be expressed as
(1)
2)
Step 2 (Layer 2 with p 2 bits): The candidate set for layer 2 is updated as
The k modulated symbols obtained from p 22 bits for layer 2 are expressed by
The resulting n × 1 vector is then given by
3)
Step 3: The above two steps are repeated until all resulting vectors of L layers are obtained as
the signal vector for the αth group is given by
For clarity and illustration purposes, we give an example of layer mapping (αth layer) with n = 8, t = 6, k = 2, L = 2 and M = 2. Assume the information bits [1 1 0 1 1 0 0 1 1 1] with p = 10 are transmitted over one time instant and two distinguishable constellation sets for layer 1 and layer 2 are given as S 1 α = {−1 1} and S 2 α = {−j j}, respectively. The first 5 bits (p 1 = 5) [1 1 0 1 1] are used for layer 1 and the candidate subcarrier set is
Then, the resulting vector is obtained by x 1 α = [0, 1, 0, 1, 0, 0, 0, 0] T . The second 5 bits (p 2 = 5) [0 0 1 1 1] are used for layer 2 and the candidate subcarrier set is updated as
Then, the resulting vector is obtained by x 2 α = [j, 0, 0, 0, j, 0, 0, 0] T . Finally, the transmitting signal vector for the αth group is given by
It is worth noting that the second constellation set S 2 α is generated by shifting π/2 of the first constellation set S 1 α in the above example. More generally for a large value of L, each constellation set is generated by shifting 2π LM from the previous constellation set, where the first constellation set is assumed to be the conventional phase shift keying (PSK) set.
C. L-OFDM-IM Transceiver
After obtaining the transmitting signal vectors for all groups, the OFDM signal vector in the frequency-domain can be expressed as
The remaining process is the same as the conventional OFDM scheme. An N -point IFFT is applied into the OFDM signal vector x sum and the resulting time-domain signal vector is obtained by X sum = [X 1 , X 2 , . . . , X N ] T . Appending a sufficiently long CP and parallel/serial (P/S) to X sum , the OFDM signal vector is ready to be transmitted. At the receiver side, the corresponding frequency-domain signal vector can be expressed as
. . , N} is the channel coefficient following the complex Gaussian distribution with mean 0 and unit variance, and the entries of w follow the complex Gaussian distribution with mean 0 and variance N 0 . The optimal ML detection can be implemented in a groupwise manner owing to the independence among all subblocks (groups) and the detection criterion is given infra
It should be noted that to implement the detection criterion given in (6), the received signal and the channel coefficient vectors are correspondingly divided into g groups as y
respectively. After obtaining all SAPs and modulated symbols, m information bits can be easily recovered by the demapping of SAPs and demodulation of the modulated symbols.
The SE of L-OFDM-IM systems is given by
Assume that v out of n subcarriers are activated in the conventional OFDM-IM scheme. In order to provide a fair comparison of SE between L-OFDM-IM and OFDM-IM, we list the number of IM bits of both L-OFDM-IM and OFDM-IM schemes under the same configuration (Lk = v) in Table. I. Recall that the number of subcarriers in each group is n = t + k(L − 1) in the L-OFDM-IM scheme. It can be seen from Table I that the proposed L-OFDM-IM scheme achieves a higher SE than that of OFDM-IM scheme except the first and third comparisons with two and six IM bits. Compared to OFDM-IM, L-OFDM-IM obtains no SE gain by increasing t or M as revealed by the second and third comparisons, while L-OFDM-IM obtains a slight SE gain by increasing k (refer to the fourth and fifth comparisons). More importantly, the proposed L-OFDM-IM scheme achieves a much larger SE gain than that of OFDM-IM scheme by increasing L, according to the third, fifth, and sixth comparisons. Finally, from the observations above, it can be summarized that L-OFDM-IM obtains a higher SE compared to OFDM-IM with the same configuration in most cases and the conventional OFDM-IM is a special case of L-OFDM-IM with L = 1.
D. Low-Complexity Detection
The optimal ML detection results in a high detection burden due to overall search over all possible transmit vectors in (6) . Therefore, we further propose a low-complexity detection, which largely reduces the computational complexity, especially for a large value of n.
We still take the αth group for analysis. Note that not all subcarriers are activated in each group and the last (n − t − k(u − 1)) subcarriers will not be activated for the uth layer with u = 1, 2, . . . , L. For instance, if we have k = 2, t = 4 and L = 3 (n = t + k(L − 1) = 8), the last four subacrriers (5, 6, 7, 8) are idle for the first layer and the last two subcarriers (7, 8) are still idle for the second layer. In this case, we first construct an Euclidean distance matrix for all subcarriers and layers excluding the idle subcarriers at each layer, which is shown in (9) at the bottom of the page, where d ,u andx ,u with = 1, 2, . . . , n and u = 1, 2, . . . , L denote the minimum Euclidean distance and the estimated signal for the th subcarrier employing the modulation set S u α . Note that d ,u andx ,u are calculated by
The variable d ,0 , which is located in the last column of D, denotes the Euclidean distance for the inactive subcarriers and is calculated by d ,0 = ||y α ( )|| 2 . The symbol Inf represents the infinite Euclidean distance, which means the corresponding subcarrier is inactive and no modulated signal is estimated. By ignoring the estimated signals and Euclidean distances for inactive subcarriers (the last column of D), we then sort all Euclidean distances in D in ascending order in the column direction and a new matrix containing the positions of D is given 
Inf Inf
Inf
by
Inf a t+k,2 a t+k,3 · · · a t+k,L Inf Inf a t+k+1,3 · · · a t+k+1,L . . . . . . . . . . . . . . .
Inf · · · a n,L
where a 1,u and a n,u indicate the positions of the minimal value and the largest value in the uth column, respectively. In other words, it is shown that the a 1,u th and a n,u th subcarriers are the most and the least likely to be activated at the uth layer, respectively. Therefore, we only take consideration of the half of rows in D o as
a n/2,1 a n/2,2 a n/2,3 · · · a n/2,L
Specifically, we aim to find all sets of legitimate SAPs from all columns inD o , which are denoted as 
the legitimate SAP Ω 1 α is given by Ω 1 α = {{3, 1}, {6, 5}, {4, 7}} and the complementary SAP for inactive subcarriers is given bȳ
It should be noted that the first two rows ofD o in (13) constitute an illegitimate SAP {{3, 1}, {1, 3}, {4, 5}} that the first and third subcarriers are activated twice, which conflicts with the concept of L-OFDM-IM. After obtaining ζ legitimate SAPs, the estimated SAP is finally decided by
where D(Î u α, , u) denotes a vector in the uth column andÎ u α, th rows of D. Then, the corresponding modulated symbols are straightforwardly obtained from (9) . The information bits can be directly recovered by the demapping of all SAPs and demodulation of the modulated symbols group by group.
Obviously, the computational complexity of the lowcomplexity detection method has a search complexity of order O (tLM ) while the optimal ML detection method has a search (6), the search complexity of the lowcomplexity detection is greatly reduced. To be more specific, we measure the computational complexity by the number of multiplications for the proposed low-complexity detection in L-OFDM-IM. In the proposed low-complexity detection, calculating D by (8) needs (n + L u=1 2nM (t + k(u − 1))) multiplications. Note that the remaining procedures in (10)- (14) only consider the sorting and comparison operations, which generates no multiplication operations. Therefore, the total number of multiplications for the proposed low-complexity is (n + L u=1 2nM (t + k(u − 1))). On the other hand, the total number of the optimal ML detection in (6) is
It should be noted that the conventional OFDM-IM scheme using the optimal ML detection leads to 2n2 log 2 C(n,v) M k multiplications, which has exactly the same computational complexity as L-OFDM-IM using ML detection under the same SEs. To clearly see the computational complexity reduction of the proposed low-complexity detection, we perform the multiplication comparison of two detection methods in Table II. From Table II , we can see that the computational complexity is largely reduced, especially for large values of k and L.
III. PERFORMANCE ANALYSIS AND DIVERSITY ENHANCING SCHEME
A. Upper Bound Analysis
In this subsection, we analytically derive the upper bound on the BER of L-OFDM-IM systems.
According to (6) , the conditional pairwise error probability on h α is given by
where H = diag{h α } and γ = 1/N 0 is defined as the signalto-noise ratio (SNR).
With the Q-function approximation [35] Q(x) ∼ = 1 12
we obtain the unconditional PEP as [19] Pr(
It can be seen from (17) that A is a diagonal matrix with d nonzero eigenvalues λ 1 , λ 2 , . . . , λ d . Noting that K is changed into an identity matrix with sufficiently deep interleaving. Therefore, the unconditional PEP can be rewritten as
. (18) Assuming in a rich scattering environment, (18) can be approximated at high SNR as
It is obvious that the diversity order is d = min rank{A} [21] . After obtaining the unconditional PEP, an upper bound on the BER is derived according to the union bound as [36] 
where N (x α →x α ) measures the number of bits in error between x α andx α .
B. Achievable Rate
We derive the achievable rate of the proposed L-OFDM-IM system according to the definition of mutual information between y α and x α , which is given by [37] 
The probability density functions of y α are given by
where x α ( ) denotes the th observation of x α . By using (22) and (24) , there is no closed form for (21) . Therefore, we utilize the lower bound technique in [37] to depict the achievable rate as
where
C. Diversity Enhancing Scheme
In this subsection, we propose the CI-L-OFDM-IM scheme to provide a diversity gain.
In CI-L-OFDM-IM, we apply the CI design [38] into L-OFDM-IM that interleaves the real and imaginary parts of modulated symbols in each layer, such that one modulated symbol is assigned to two different subchannels. First, each signal constellation set is rotated with a certain angle θ in each layer, which ensures the successful realization of the CI technique. We still take the αth group as an example and the modulated symbols in the uth layer are then updated according to the relation below
Then, the real and imaginary parts of each modulated symbol are switched with that of its adjacent symbol, which is given by
With the SAP I u α , the modified signal vector at the uth layer is given by
It can be seen from (26) and (27) that each modulated symbol will traverse through two different subcarriers, which thereby leads to a diversity order of two for CI-L-OFDM-IM systems. Consequently, the resulting signal vector containing all L layers for the αth group is χ α = χ 1 α + χ 2 α + · · · + χ L α . After obtaining {χ α } g α=1 for all groups, the following transmission and detection process is the same as L-OFDM-IM described in Section II-C. Note that the rotation angle θ will significantly impact on the BER of CI-L-OFDM-IM. One might refer to [20] for more details about the optimal design of rotation angle θ, if interested.
IV. SIMULATION RESULTS AND DISCUSSION
In this section, we conduct computer simulations to evaluate the BER of L-OFDM-IM systems. For the sake of simplicity, we denote "(CI-)L-OFDM-IM (k, t, L, M ), PSK/QAM" as the (CI-)L-OFDM-IM scheme with n subcarriers (n = t + k(L − 1)) for L layers, k active subcarriers out of t subcarriers in each layer and L different m-ary PSK/QAM constellations, "(CI-)OFDM-IM (v, n, M ), PSK/QAM" as the conventional (CI-)OFDM-IM scheme with v active subcarriers, n total subcarriers and an m-ary PSK/QAM constellation. Assume that the L different signal constellations for L-OFDM-IM are set as the rotated PSK/QAM constellations with a rotation angle, and it has been proven that 2π/(LM ) is the optimal value of the rotation angle [29] .
We compare the BER of "L-OFDM-IM (1, 3, 2, 2), PSK," "L-OFDM-IM (2, 6, 2, 2), PSK," "OFDM-IM (2, 4, 2), PSK" and "OFDM-IM (4, 8, 2) , PSK" in Fig. 3 . The simulation curves of "L-OFDM-IM (1, 3, 2, 2), PSK," and "OFDM-IM (2, 4, 2), PSK" both with an SE of 1 b/s/Hz are drawn in Fig. 1 . It can be seen from Fig. 1 that L-OFDM-IM performs better than OFDM-IM with a distinct performance gain in the low SNR region while L-OFDM-IM achieves about 0.7 dB SNR gain than OFDM-IM in the high SNR region. A similar situation also occurs in Fig. 2 , which demonstrates the BER of "L-OFDM-IM (2, 6, 2, 2), PSK" and "OFDM-IM (4, 8, 2), PSK" both with 1.25 b/s/Hz. Compared to "OFDM-IM (4, 8, 2), PSK," "L-OFDM-IM (2, 6, 2, 2), PSK" obtains circa 2.5 dB performance gain in the low SNR region and circa 0.8 dB performance gain in the high SNR region. We hereby summarize that the proposed L-OFDM-IM scheme outperforms the conventional OFDM-IM scheme, especially in the low SNR region. In addition, the theoretical curves of L-OFDM-IM well match the simulation results in the high SNR region in both Figs. 1 and 2 , which verifies the accuracy of the analysis in Section IV. Fig. 4 presents the BER of "L-OFDM-IM (2, 4, 3, 2), PSK," "L-OFDM-IM (2, 4, 2, 4), PSK," "OFDM-IM (6, 8, 2) , PSK" and "OFDM-IM (4,6,4), PSK." Different from Fig. 3, Fig. 4 shows the performance comparison between L-OFDM-IM and OFDM-IM with different SEs. To be specific, "L-OFDM-IM (2, 4, 3, 2), PSK" with 1.5 b/s/Hz achieves an approximate 1.5 dB SNR gain with respect to "OFDM-IM (6, 8, 2) , PSK" with 1.25 b/s/Hz at BER= 10 −4 under the same system configuration (n = 8, v = Lk = 6). Similarly, "L-OFDM-IM (2, 4, 2, 4), PSK" with 2 b/s/Hz achieves an approximate 1 dB SNR gain with respect to "OFDM-IM (4,6,4), PSK" with 1.83 b/s/Hz at BER= 10 −4 under the same system configuration (n = 6, v = Lk = 4). It should be noted that the proposed L-OFDM-IM scheme with a greater SE obtains a lower BER than that of the conventional OFDM scheme. Additionally, we find that the diversity orders of L-OFDM-IM and OFDM-IM are the same, which equals unity. It can be also found that the diversity order of L-OFDM-IM does not change with an increasing number of layers L. Fig. 4 also provides the BER comparison between the optimal ML detection and the low-complexity detection for "L-OFDM-IM (2, 4, 3, 2), PSK" and "L-OFDM-IM (2, 4, 2, 4), PSK." It can be seen that the low-complexity detection achieves a worse BER performance than the optimal ML detection in the low SNR region. However, the proposed low-complexity detection approaches the optimal ML detection at the price of negligible SNR loss in the high SNR region. It is concluded that the low-complexity detection achieves a near-ML performance with a largely reduced computational complexity.
To further evaluate the diversity order of L-OFDM-IM, we compare the BER of "L-OFDM-IM (1, 3, 2, 4), QAM," "L-OFDM-IM (1, 3, 3, 2), PSK" "L-OFDM-IM (1, 3, 3, 4), QAM," "L-OFDM-IM (2, 6, 2, 2), PSK," and "L-OFDM-IM (2, 4, 2, 4), PSK" in Fig. 5. From Fig. 5 , it can be seen that the diversity orders are the same for all cases. By comparing the curves of "L-OFDM-IM (1, 3, 2, 4), QAM" and "L-OFDM-IM (1, 3, 3, 4), QAM," it is easy to observe that increasing the number of layers L only will not change the diversity order, which coincides with Fig. 4 . Meanwhile, increasing the number of active subcarriers k and the modulation cardinality M , still does not change the diversity order if we compare the curves of "L-OFDM-IM (2, 6, 2, 2), PSK" and "L-OFDM-IM (2, 4, 2, 4), PSK." Moreover, even we change k, the number of total subcarriers t and L, as can be seen from the curves of "L-OFDM-IM (1, 3, 3, 4), QAM" and "L-OFDM-IM (2, 4, 2, 4), PSK," the diversity order also keeps unchanged. Again, similar observations are obtained by comparing the simulation curves of "L-OFDM-IM (1, 3, 3, 4), QAM" and "L-OFDM-IM (2, 6, 2, 2), PSK" with different values of parameters k, t, L, and M . Fig. 6 shows the BER of "CI-L-OFDM-IM (2, 4, 3, 4) ," "CI-L-OFDM-IM (2, 6, 2, 2)," "L-OFDM-IM (2, 4, 3, 4) ," "L-OFDM-IM (2, 6, 2, 2)," "CI-OFDM-IM (4, 8, 8) ," and "CI-OFDM-IM (4, 8, 2) ." It is noted that we apply PSK for all configurations and θ is set to 9 • for both CI-L-OFDM-IM and CI-OFDM-IM schemes for simplicity. Due to the CI effect, we see that "CI-L-OFDM-IM (2, 4, 3, 4)" with an SE of 2.25 b/s/Hz obtains a larger performance gain than "L-OFDM-IM (2, 4, 3, 4)" with an SE of 2.25 b/s/Hz in the high SNR region. Compared to the conventional "CI-OFDM-IM (4, 8, 8)" with an SE of 2.25 b/s/Hz, "CI-L-OFDM-IM (2, 4, 3, 4)" still obtains a considerable performance gain. Similarly, "CI-L-OFDM-IM (2, 6, 2, 2)" with an SE of 1.25 b/s/Hz is superior to "L-OFDM-IM (2, 6, 2, 2)" and "CI-OFDM-IM (4, 8, 2)" both with an SE of 1.25 b/s/Hz, especially in the high SNR region. It is also obvious that both "CI-L-OFDM-IM (2, 4, 3, 4)" and "CI-L-OFDM-IM (2, 6, 2, 2)" achieve a diversity order of two, while "L-OFDM-IM (2, 4, 3, 4)" and "L-OFDM-IM (2, 6, 2, 2)" achieve only unit diversity order, which validates our analysis.
The achievable rates of "L-OFDM-IM (1, 3, 2, 2), PSK," "L-OFDM-IM (2, 6, 2, 2), PSK," "OFDM-IM (2, 4, 2), PSK," and "OFDM-IM (4, 8, 4) , PSK" are performed in Fig. 7 . It can be seen from Fig. 7 that the achievable rates of all schemes increase with the increase of SNR and approach constants in the high SNR region. This is because less detection errors occur at the receiver as SNR increases and the transmitted information bits are correspondingly estimated with less errors. More importantly, although the SEs for all schemes tend to saturation at high SNR, we still can see from Fig. 7 that "L-OFDM-IM (1, 3, 2, 2), PSK" with 1 b/s/Hz and "L-OFDM-IM (2, 6, 2, 2), PSK" with 1.25 b/s/Hz outperform "OFDM-IM (2, 4, 2), PSK" with 1 b/s/Hz and "OFDM-IM (4, 8, 2), PSK" with 1.25 b/s/Hz at low-to-medium SNRs, respectively, which further reveals the advantage of our proposed L-OFDM-IM scheme.
V. CONCLUSION
In this paper, we proposed the L-OFDM-IM scheme, which enhances the SE of OFDM-IM without consuming any extra resource. Unlike OFDM-IM, L-OFDM-IM separates all subcarriers into L layers, which select active subcarriers more flexibly. Specifically, the active subcarriers are selected in a layer-wise manner, which increases the length of IM bits and thereby improves the SE. The low-complexity detection method for L-OFDM-IM has been provided to alleviate the detection burden with the negligible performance loss at the high SNR. The BER, achievable rate, and diversity order for L-OFDM-IM have been also investigated. In addition, the CI-L-OFDM-IM was proposed to improve the diversity order of L-OFDM-IM. Simulation results confirmed that the L-OFDM-IM scheme outperforms the conventional OFDM-IM scheme, especially in the low SNR region. Simulations also revealed that the diversity order of L-OFDM-IM dose not change with the number of layers, the number of active subcarriers, the number of candidate subcarriers, and the cardinality of constellations. By the numerical results provided, it was also shown that CL-OFDM-IM is capable of obtaining a diversity advantage over L-OFDM-IM.
